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Pennycress (Thlaspi arvense L.) is a Brassica species being developed into an oilseedproducing winter cash cover crop. Similar to its relatives, rapeseed (Brassica napus L.) and
camelina (Camelina sativa L.), pennycress seeds produce high levels of oil and protein (~34%
oil and ~19% protein dry weight). For pennycress to be economically viable and environmentally
sustainable as a crop, both the oil and seed meal must be utilized. Pennycress like other
Brassicaceae, produces high levels of glucosinolates in the seed coat. Glucosinolates taste bitter
and can be metabolized by the enzyme, myrosinase, into toxic isothiocyanates, nitriles, and
epithionitriles. Seed meal containing high levels of glucosinolates has been shown to cause
decreased feeding and increased instance of goiter in pigs. Glucosinolate biosynthetic pathways
are comprised of three major steps: elongation, core assembly, and chain modification. In
rapeseed and Arabidopsis thaliana (Arabidopsis), the HAG1 (HIGH ALIPHATIC
GLUCOSINOLATE1), HAG2, and HAG3 genes were found to be transcription factors that
initiate these biosynthetic pathways. Through CRISPR genome editing and selective breeding we
have targeted, in different combinations, the three putative HAG transcription factors in
pennycress and identified a range of glucosinolate reductions, from wild-type levels, to nearly a
90% reduction in glucosinolates stored in seeds. We determined that HAG1 and HAG3 function
redundantly in controlling glucosinolate production and that, while some mutant allele

combinations likely cause delays in seed germination and plant growth, other allele combinations
have only minor impacts on plant growth and development while reducing seed glucosinolate
content to agronomically-relevant levels.

KEYWORDS: Pennycress, Thlapsi arvense, glucosinolate, sinigrin, isothiocyanate, seed meal,
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CHAPTER I: INTRODUCTION
Introduction to Pennycress
In the past century, the global human population has quadrupled and per capita
consumption has significantly increased in almost every country (Crutzen, 2006). As population
growth continues a near-exponential trajectory, scientists have begun referring to the current
geological time as the Anthropocene, highlighting the drastic effect human expansion is having
on the planet (Crutzen, 2006; Sanderson, 2002). Habitat degradation and climate change, due to
land use change and the burning of fossil fuels, are mankind’s largest threats to Earth’s
biodiversity (Groom, 2006). As awareness of these problems grows, many people are looking to
reduce their carbon footprints by seeking out clean and renewable energy sources that also
mitigate habitat destruction.
Oil-based biofuels such as biodiesel and biojet fuel represent reduced carbon footprint
energy sources in that, as plants grow and produce energy molecules in the form of oil, that oil is
composed of carbon (in the form of CO2) removed from the atmosphere. The United States
produced approximately 2.17 billion gallons of biodiesel in 2019, doubling production from
2012 (Irwin, 2020). However, in the same year biofuels accounted for only 5% of total
consumption by the U.S. transportation sector (Monthly Energy Review, 2020). Mass production
of bioenergy crops requires large amounts of land that can put strain on local ecosystems and
indigenous peoples as seen with oil palm and sugarcane (Meijard, 2018; Bordonal, 2018). To
effectively mitigate human impacts, responsible and efficient use of currently developed land is
essential.
Pennycress (Thlaspi arvense), a member of the Brassicaceae family, is hypothesized to
fit a unique niche as a new oilseed crop (Sedbrook, 2014). Due to its extreme cold tolerance and
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short life cycle, pennycress could be planted in the fall near the time of corn harvest and
harvested in the spring before planting full-season soybeans (Phippen and Phippen, 2012). This
allows for the harvest of an additional oil seed crop without need for further land development.
Pennycress would also provide the benefits of a traditional cover-crop such as reduced soil
erosion and spring weed suppression (Johnson, 2015).
Found throughout temperate regions of the world, pennycress is closely related to the
well-studied model organism Arabidopsis thaliana, sharing 86% gene sequence homology
(McGinn, 2019). Pennycress is easily grown in a lab setting and has proven readily
transformable through an Agrobacterium-mediated floral dip method (McGinn, 2019). Previous
work has also shown pennycress’ amenability to CRISPR-Cas9 gene editing, enabling reverse
genetic engineering (McGinn, 2019). The unique growth habit, transferability to lab
environment, and sequenced diploid genome of pennycress make it an ideal target for rapid
domestication into a cash cover crop (Dorn, 2015).

Utilization of Pennycress Seed Meal
Oil seed crops are processed into many different products before entering the market
(Selling, 2013; Witte, 1995). Seeds are commonly crushed, via screw press, releasing the oils
and forming a solid biproduct of protein-rich “press cake” or “seed meal” (Selling, 2013). The
oil can be further processed into biofuels and industrial products or otherwise used directly in
foods and feed (Moser, 2009). The press cake can be utilized in several ways; one growing
market is alternative or plant-based protein sources (Kleba, 2018).
Allergies, moral or religious beliefs, and the economic and environmental expenses of
producing meat-based proteins is pushing many consumers to alternative and plant-based protein
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sources (Kleba, 2018). However, the largest market for press cake from agronomically important
crops such as soybeans, canola, and corn is as a protein rich feed source for animals (Selling,
2013).
Wild pennycress seeds contain about 20% protein, which is comparable to Camelina and
canola (30% and 25%, respectively) (McGinn, 2018; Kleba, 2018). Pennycress’s protein content
is also considered high quality because it contains all of the necessary dietary amino acids
(Kleba, 2018). This trait is desirable for farmers to promote animal growth and potentially fill
nutritional gaps from other feed sources (Kleba, 2018). Natural varieties of pennycress can
produce 2,000 lbs of seed per acre which equates to ~1,300 lbs of press cake (McGinn, 2019).
With the ability to grow across the 30 million-hectare (80 million-acre) U.S. Midwest Corn Belt
pennycress could produce over 20 million metric tons of seed meal annually without displacing
any crops or requiring new land development.

The Glucosinolate Issue
For pennycress to be economically viable, both seed oil and seed meal must be utilized.
Pennycress, like all Brassica species, produces and stores large amounts of glucosinolates in its
seeds which reduces palatability of the seed meal (Grubb, 2006; Landero, 2018). Glucosinolates
are secondary metabolites derived most commonly from the amino acids, methionine,
tryptophan, and phenylalanine (Sønderby, 2010). Glucosinolates are stored in vacuoles and when
tissue is crushed upon herbivory the glucosinolates are released and come in contact with the
enzyme, myrosinase (Grubb, 2006; Sønderby, 2010; Ahuja, 2011). Myrosinase hydrolyzes
glucosinolates to form alylglycone intermediates which can then form various toxic compounds
including isothiocyanates, nitriles, and epithionitriles (Ahuja, 2011; Barba, 2016; Bones, 1996).
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Animal forage and seed meal containing glucosinolates and related breakdown
compounds, when fed at high levels, have been found to be toxic in lab rats and deter feeding in
agricultural animals reducing growth and overall profits (Landero, 2018). Feeding studies with
high glucosinolate containing meal have shown increased instance of goiter in pigs as well as
enlarged livers and thyroids in broiler chickens (Bell, 1984; Pearson, 1983). The Food and Drug
Administration (FDA) restricts glucosinolate concentrations in feed to below 30 µmol/g.
Pennycress seeds naturally contain ~110 µmol/g, almost entirely in the form of the glucosinolate,
sinigrin (Vaughn et al., 2005; Tripathi, 2007). For pennycress to be widely implemented as an
animal feed, the production and storage of glucosinolates in the seeds must be reduced and/or
diluted in feed mixes, the latter of which would limit its market.

Aliphatic Glucosinolate Biosynthesis
Glucosinolates are present in all Brassica species including important crops such as
broccoli, brussel sprouts, and rapeseed (Singh, 2012). Glucosinolates biosynthetic pathways have
been well studied in plants due to the purported negative as well as positive affects
glucosinolates and its breakdown products have on human and animal health (Bell, 1984; Lam,
2009; Mazumder, 2016). The almost 200 glucosinolate species found in plants can be divided
into aliphatic, indolic, and aromatic which are derived from glucose and the amino acids
methionine, tryptophan, and phenylalanine, respectively (Sønderby, 2010). Pennycress has been
found to accumulate high levels of the aliphatic glucosinolate, sinigrin (Warwick, 2002; Vaughn
et al., 2005). Sinigrin is also the predominant glucosinolate in horseradish and gives that rootderived condiment its distinctive taste (Ku, 2015).
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Glucosinolate biosynthesis can be broken down into three main steps: chain elongation,
core assembly, and chain modification (Grubb, 2006). The first step, chain elongation, begins
with deamination of methionine by the enzyme BRANCHED-CHAIN AMINO
TRANSFERASE4 (BCAT4) (Sønderby, 2010). The resulting α-keto acid then requires transport
into the chloroplast which is carried out by BILE ACID TRANSPORTER5 (BAT5) (Sønderby,
2010). Within the chloroplast a cycle of three reactions performed by a methylthioalkylmalate
synthase (MAM), isopropylmalate isomerase (IPMI), and an isopropylmalate dehydrogenase
(IPM-DH) adds one carbon per cycle to the methionine side chain (Grubb, 2006). The elongated
acid may then enter the cycle again to further lengthen the side chain or be transaminated by
BCAT3 and transported out of the chloroplast to begin the second step in glucosinolate
biosynthesis, core assembly (Sønderby, 2010).
Assembly of the core structure requires 13 enzymes and several steps (Sønderby, 2010).
During these steps two sulphur donors and a glucose transferase build the core glucosinolate as
seen in Figure 1. The third step, chain modification, is responsible for the wide range of
glucosinolates found in nature (Sønderby, 2010). The glucosinolate side chain can undergo
hydroxylation, alkenylation, oxygenation, and benzoylation reactions creating glucosinolates
with a wide variety of functional groups and activities against pests (Hopkins, 2009).

Previous Studies
The R2R3-MYB gene family is a diverse family of transcription factors within higher
plants. Each family member encodes a highly conserved DNA binding domain, the MYB
domain (Jin, 1999; Stracke, 2001). Previous work in Arabidopsis thaliana and Brassica napus
have revealed MYB28, MYB76, and MYB29 genes, also called HIGH ALIPHATIC
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GLUCOSINOLATE1, 2, and 3 (HAG1, HAG2, and HAG3), respectively, to be transcription
factors that regulate aliphatic glucosinolate production (Jin, 1999; Ahuja, 2011). Many genes in
the MYB family are capable of interacting with other members (Jin, 1999; Stracke, 2001). In
Arabidopsis, the HAG genes have been found to have an autoregulatory role (Gigolashvili, 2008;
Sønderby, 2010). Through overexpression it was found that HAG1 induces expression of both
HAG2 and HAG3 (Sønderby, 2010). The same study found both HAG2 and HAG3 positively
regulate each other while causing little to no increase in HAG1 expression. HAG2 was also found
in Arabidopsis to inhibit seed fatty acid accumulation (Duan et al., 2014).
In Arabidopsis, hag1 knock-out mutants exhibited greatly reduced aliphatic
glucosinolates (Gigolashvili, 2007), whereas hag2 and hag3 mutants had no and only minor
reductions in short chain glucosinolates in their seeds, respectively (Gigolashvili, 2008). This
work suggested that HAG1 functions as the master regulator of aliphatic glucosinolate
biosynthesis while HAG2 and HAG3 play accessory roles (Hirai, 2007, Ahuja, 2011, Yi, 2015,
Augustine, 2013). Consistent with this finding, Harper et al. (2012) used an associative
transcriptomics method in determining a quantitative trait locus for glucosinolate content in
Brassica napus L. seeds strongly correlated with a deletion in the HAG1 orthologue. Li et al.
(2014) also found Brassica napus QTLs for glucosinolate content mapped to HAG1. Based on
this research, HAG1 was targeted by Michaela McGinn in the Sedbrook lab for her dissertation
work, using CRISPR-Cas9 to create loss-of-function hag1-1 pennycress lines (McGinn, 2018).
However, she found that a hag1-1 line homozygous for a small deletion causing a frameshift just
downstream of the translational start codon produced wild-type seed glucosinolate levels, which
was an unexpected result. This led to our hypothesis that pennycress may have functional
redundancies between the HAG genes not found in other species.
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Targeting HAG2 and HAG3
The goal of this thesis was to test the hypothesis that the HAG2 and/or HAG3 genes act
redundantly with HAG1 in producing the glucosinolate, sinigrin, in Thlaspi arvense
(pennycress). We employed CRISPR gene editing to create pennycress lines having single,
double, and triple mutations in the HAG1, 2, and 3 genes and assessed glucosinolate content in
seeds and vegetative tissues. We also assessed plant growth and seed set of these mutants and
mutant combinations to gain insights into commercial viability of any reduced glucosinolate
genotypes. Studies in Arabidopsis as well as other Brassica species have shown the transcription
factors HAG2 and HAG3 play a regulatory role in the synthesis of aliphatic glucosinolates, albeit
minor in comparison to the role played by HAG1 (Li, 2013; Yi, 2015; Augustine, 2013;
Sønderby, 2010). Previous work in our lab found that hag1-1 single mutants exhibited no
glucosinolate reductions under our standard laboratory growth conditions (McGinn, 2018).
Pennycress has proven readily genetically transformable by using an Agrobacteriummediated floral dip method designed by previous members of the lab (McGinn, 2019).
Expression of CRISPR-Cas9 and related gene editing in pennycress has also been mastered in
our laboratory, allowing for the use of this powerful reverse genetic engineering toolset.
CRISPR-Cas9 involves creation of a guide RNA (gRNA) that matches a sequence in the open
reading frame (ORF) of the desired gene. This gRNA along with the Cas9 endonuclease are
introduced into the plant via the Agrobacterium-mediated floral dip method described
previously. The CRISPR-Cas9 complex interacts with a portion of the gRNA which also binds to
the complementary sequence in the pennycress genome. The endonuclease can then form a
double strand break which is repaired through homologous recombination (HR) or
nonhomologous end-joining (NHEJ). NHEJ is error prone, and repeated cutting of the DNA by
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the CRISPR-Cas9 complex eventually can lead to an insertion or deletion (indel) mutation.
Using a Crisper-Cas9 vector capable of targeting up to four genes at once (Xing, 2014), we
targeted HAG2 and HAG3 mutations individually and in combinations with HAG1.
Due to the role of glucosinolates in plant defense, it may be necessary to retain some
level of glucosinolates in vegetative tissues to deter herbivory. Combinations of knock-out
mutations in the HAG transcription factors may also give intermediate reductions in
glucosinolate concentrations which would ideally maintain plant defense functions while
reaching the level considered safe for feed and food uses, < 30 µmol/g (Tripathi, 2007). Other
work has shown complicated interactions between this family of transcription factors including
autoinhibition, tissue specific expression, and variation in glucosinolate species produced
(Sønderby, 2010; Baskar, 2012; Gigolashvili, 2008; Augustine, 2013). The seemingly
unorthodox expression of the HAG genes in pennycress may hold valuable insights about this
gene family and glucosinolate biosynthesis.
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Figure 1. Aliphatic Glucosinolate Core Structure. Core aliphatic glucosinolate structure before
the final step in the biosynthetic pathway, chain modification.
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CHAPTER II: MATERIALS AND METHODS
Single Guide Vectors
Single guide constructs for both HAG2 and HAG3 were created using the pDe_sp_CAS9
and pEn_sp_Chimera plasmids and methods set forth in Fauser et al. (2014). These vectors
contained the Staphylococcus pyogenes Cas9 endonuclease to induce double strand breaks, an
RNA guide coding sequence with a restriction site for cloning the 20mer protospacer, and the
hygromycin phosphotransferase (HPT) gene conferring hygromycin resistance in planta to select
for transformants. Completed constructs were introduced into Agrobacterium tumefaciens strain
GV3101 using a standard CaCl2 flash-freeze/thaw transformation method (Holsters, 1978).
While this vector system worked reasonably well, we subsequently moved to using the multi-hit
CRISPR-Cas9 vector system described in the next section in order to target two or four sites at
once thereby increasing the probability of edits in a given plant and/or the ability to mutate
multiple genes simultaneously.

Multi-Guide Vectors
Vectors encoding multiple protospacers capable of targeting multiple chromosomal
locations at once were obtained from Addgene (plasmids #50593, 50595, and 71287;
www.addgene.org/), modified to improve efficiency, and used as described in Xing et al. 2014.
These vectors contained two or four 19mer RNA guide sequences each driven by their own
promoter and terminator, the Staphylococcus pyogenes Cas9 endonuclease, and a marker for
selection. The HPT gene from the original binary plasmid pHEE401E (Addgene plasmid #71287)
was eventually replaced with the red fluorescent protein DsRED and the resulting plasmid was
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termed pEC666Red3. Completed constructs were introduced into Agrobacterium tumefaciens
strain GV3101 using a standard CaCl2 flash-freeze/thaw transformation method (Holsters, 1978).

Agrobacterium Mediated Floral Dip
Agrobacterium-mediated pennycress plant transformations were carried out as described
in McGinn et al. (2019). Briefly, cultures of Agrobacterium tumefaciens (Agrobacterium) strain
GV3101 containing the desired plasmid were initiated from glycerol stocks, inoculating ~200 uL
of each glycerol stock into 50 mL Luria Broth (LB)) containing 50 µg/ml Gentamycin, 50 µg/ml
Rifampicin, plus 50 µg/ml Kanamycin. The 50 mL cultures were shaken overnight at 28oC, then
added to an additional 200 mL LB antibiotic-containing media and again incubated overnight,
then centrifuged at 3,500 RPM for 10 min, supernatant decanted, and the bacteria resuspended in
an equal volume of 5% (w/v) sucrose plus 0.02% (v/v) Silwet L-77. Flowering inflorescences of
~1 month old pennycress plants (see McGinn et al. (2019) for information on plant staging) were
submerged in this Agrobacterium solution, then placed in a vacuum chamber at ~30 inches
mercury (14.7 psi) for 10 minutes. After “dipping”, the floral portions of the inflorescences were
wrapped in plastic wrap sealed around the stems with rubber bands before being placed back into
an environmental growth chamber. The plastic wrap covering was removed the following day.

Seed Sterilization and Growth Conditions
Pennycress seeds were surface sterilized with a brief rinse with 70% ethanol followed by
a 10-minute incubation in a sterilization solution consisting of 30% bleach and 0.01% Sodium
dodecyl sulfate (SDS). The sterilization solution was then removed, and the seeds rinsed 3 times
with sterile water. To minimize possible poor germination due to seed dormancy of newly-
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harvested winter-type pennycress varieties, after the third water rinse and before plating, seeds
were left to soak at least 30 minutes in 0.01 mM gibberellin 4+7 (GA4+7; PhytoTechnology
Laboratories product no. G358). GA4+7 powder was initially dissolved in 95% ethanol then
diluted in water to make a 1 mM stock solution. The stock solution was stored at 4 oC and diluted
with sterile water to the 0.01 mM working solution, which was used within two weeks of being
made. Gibberellin treatment was not necessary for spring-type variety Spring 32-10 seed
germination as it has low primary seed dormancy, or for many winter varieties especially when
left to ripen at room temperature for a few weeks or months after harvest.
Surface-sterilized pennycress seeds were sown onto 0.8% agar media containing onehalf-strength Murishige and Skoog (MS) salts in Parafilm-wrapped petri dishes, then
immediately placed into a Percival Scientific CU-36L5 incubator (16 hours 4100K fluorescent
light ~150-200 μE m−2 s−1/8 hours dark, 22 oC). For growth in soil, seedlings were transplanted
at a density of 4 plants per 4-inch pot (Gage Dura Pots 4" x 3-3/8", OBC Northwest Inc. catalog
no. PPG4) in autoclaved Miracle Gro moisture control potting soil mix. Alternatively, plants
were grown in Berger BM 7 bark mix. When using the Berger BM 7 soil mix in 4-inch pots, a
thin layer of wet soil (~1/4 inch) was first put in the bottom of the pot, on top of which 1/8
teaspoon of prilled urea (46-0-0; Greenway Biotech, Inc.) was sprinkled before the pot was
entirely filled with the wet soil mix. All soil mixes also had 0.03 g/4-inch pot added of the
insecticide Marathon (www.domyownpestcontrol.com/ OHP Marathon 1% Granular).

Selection of Putative Transformants
Surface-sterilized T1-generation seeds were plated onto 0.8% agar media containing one
half-strength Murashige and Skoog salts mix. Hygromycin resistance selection was carried out
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by including 40 U ml-1 hygromycin B to select for transformants containing the resistance genecontaining binary vector, pHEE401E. For plants dipped with pEC666Red3 the T1-generation
seeds were plated onto 0.8% agar/one half-strength Murashige and Skoog plates and the
seedlings were visually scanned with a NIGHTSEA flashlight (model DFP- CG) at a wavelength
of 510-540 nm (emission 600nm) to identify putative mutants. Seedlings were germinated on
plates in a Percival growth chamber set at 21°C, 16:8 (day:night) for 8-10 days until any
transgenic seedlings were readily identifiable (the cotyledons of sensitive seedlings turned brown
whereas resistant seedlings remained green and had continued root growth). Seedlings were
transplanted in potted soil (typically 4 plants per four-inch square pot) and grown in
environment-controlled growth chambers cycling 16 hours light/8 hours dark (light was either
6500K fluorescent or a combination 4100K fluorescent/incandescent lighting, 175-250 μE m−2
s−1 light intensity), at 21 or 22 °C.

PCR and Sequencing to Confirm Mutants
Genomic DNA was extracted from the leaf tissue of plants using a standard CTAB
protocol (Clarke, 2009). The full ORF of the pennycress HAG1, HAG2 and HAG3 genes were
amplified from genomic DNA of putative CRISPR-Cas9 pennycress plants using Phusion DNA
polymerase (NEB #M0530) and the respective primers listed in Table 3. Thermal cycling
parameters were as follows: 1-minute initial denaturation at 98 °C; 33 cycles of 98 °C for 10
seconds, annealing at 56 °C for 15 seconds, and a 72 °C extension for 2 minutes, followed by a
single 5-minute final extension at 72 °C. Amplified bands were detected by electrophoresis in a
1% agarose gel containing ethidium bromide and visualization with a UV transilluminator.
Bands of the expected sizes (Table 3) were cut from the gel and DNA was extracted using the
GeneJET Gel Extraction kit (#K0692). The DNA was sequenced with the corresponding primer
13

to identify possible mutations at each protospacer target site. DNA sequences were analyzed
using Benchling software, which is free for academics, to identify/confirm the mutation.

Glucosinolate Analyses
Seed glucosinolate predictions were made using a Metrohm NIRS XDS MultiVial
Analyzer as described in Chopra et al. (2019). Briefly, near infrared spectral (NIRS) scans of 75
to 500 seeds in 15 x 19 mm clear glass vials (DiscountVials.com catalog no. CT131519; 1/3
dram) were collected and analyzed using calibration curves based on those developed for canola
and verified with a UV-based quantitative method.
UV-based quantitation of pennycress seed and tissue glucosinolate content was carried
out as described in Chopra et al. (2019) and Chopra et al. (2020), based on a method adapted
from Kliebenstein et al. (2001). Briefly, seeds were pulverized in 80% methanol to deactivate the
glucosinolate degradation enzyme myrosinase and to solubilize the glucosinolate. For leaf tissue,
hole punch samples were collected in 2 ml screw cap tubes after the time of first flowering and
ball-mill ground using zinc-plated steel BB’s in 160 mL of 80% methanol and a Qiagen
TissueLyser. These samples were then analyzed along with their controls using a colorimetric /
spectrophotometric plate reader method and internal standards, with the data normalized to 4.3
mg/punch. Analyses were performed by Joe Lyons of CoverCress, Inc., St. Louis, MO.
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CHAPTER III: RESULTS
Selection of HAG Genes
Our laboratory previously had generated pennycress plants containing a hag1-1
frameshift mutation, using CRISPR gene editing, and determined that homozygous hag1-1
mutant seeds had no statistically significant reductions in glucosinolate content compared to wild
type. Like in other Brassica species, the pennycress genome contains three putative HAG genes
we designated HAG1 (MYB28), HAG2 (MYB76), and HAG3 (MYB29). Work in other Brassica
species cited HAG2 and HAG3 as regulators of aliphatic glucosinolate biosynthesis (Gigolashvili
et al., 2008). In Arabidopsis, RNAi knockdown of HAG1 expression was sufficient to drastically
reduce seed glucosinolate levels (Gigolashvili et al., 2007). Taken together, these data led us to
hypothesize that pennycress could have functional redundancies between HAG1 and HAG2
and/or HAG3. To test this, we set out to create hag2 and hag3 mutant lines and to stack
mutations in HAG1, HAG2 and HAG3 to identify mutant combinations producing reduced seed
glucosinolate content.
Due to the extensive use of Arabidopsis as a plant model system, many of its genes have
been characterized, and online tools such as those accessible at TAIR (The Arabidopsis
Information Resource; https://www.arabidopsis.org) have been developed and are readily
available. Since pennycress genes share, on average, ~86% nucleotide sequence identity with
putative orthologous genes in Arabidopsis, we were able to employ sequence alignment tools and
annotations on TAIR to identify obvious pennycress TaHAG2 and TaHAG3 orthologues to
Arabidopsis AtHAG2 and AtHAG3, respectively. Moreover, the Arabidopsis AtHAG2 and
AtHAG3 coding sequences were used as queries to search the Thlaspi arvense transcriptome
shotgun assembly using the Basic Local Alignment Search Tool (BLAST) platform developed
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by the National Center for Biotechnology Information (NCBI;
https://blast.ncbi.nlm.nih.gov/Blast.cgi). The identified putative TaHAG2 coding sequence
(CDS), GAKE01003245.1, and TaHAG3 CDS, GAKE01004525.1, were then BLASTed against
pennycress genome sequences using an online tool developed by our collaborators at the
University of Minnesota (http://pennycress.umn.edu/). An alignment of the TaHAG2 and
TaHAG3 Open Reading Frames (ORFs) to their closest homologs in Arabidopsis can be seen in
Supplemental Figures 2 and 3.

Creation and Application of Constructs
Single guide RNA constructs for both HAG2 and HAG3 were created via the
pDe_sp_CAS9 and pEn_sp_Chimera plasmids through methods described previously in Fauser
et al. 2014. These constructs were introduced into pennycress wild-type Spring 32-10 plants
using the Agrobacterium-mediated floral dip method. Genomic DNA was purified from leaf
tissue of T1-generation transformants, PCR amplified using primers flanking the location
targeted by the CRISPR guide RNAs, and the PCR products sequenced. Sequence alignments
with wild-type sequences identified no differences, suggesting weak or no editing activity,
probably due to ineffective protospacers.
We therefore switched to using a “multi-hit” CRISPR-Cas9 vector system, pHEE401E,
described in Xing et al. 2014, which can be designed to contain two or four protospacers thereby
targeting up to four genes simultaneously. Having multiple protospacers in one vector increased
the probability of obtaining edits. We, in fact, found this system to have relatively high editing
efficiencies in T1 generation plants, which allowed for relatively rapid generation of pennycress
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hag mutant lines. Details of the hag genes targeted in the four-guide constructs pHEE401E/#1
and pHEE401E/#8 can be found in Table 1.
We found the 2-guide vectors to be an overall more rapid and effective method to test
new protospacers compared to the 4-guide constructs, given that the 4-guide constructs are more
cumbersome to make. The gRNA targets for the 2-guide constructs are listed in Table 2 and the
protospacer DNA sequences can be found in Supplemental Table 2. All constructs were
transformed into pennycress using the Agrobacterium-mediated floral dip method as described in
the Methods section.

Confirmation of Mutants
Depending on the selectable marker present in the transformed construct, the seeds of
dipped plants were screened on MS media containing Hygromycin or were germinated on
standard drug-free MS media and visually screened for DsRED fluorescence to select for
transformed (T1-generation) plants. Tissue samples of putative transformants were collected and
gDNA extracted, followed by PCR amplification of the gene of interest and subsequent sequence
analysis of the protospacer targeted sites. DNA sequence alignments between mutant lines
showing mutations and the corresponding wild-type sequences are shown in Supplemental
Figures 4-8, 10, and 11. Single genes targeted with two protospacers could result in deletions
spanning the protospacers, which could easily be distinguished by shorter PCR product lengths
compared to wild type using gel electrophoresis. This latter approach successfully identified the
hag3-4 mutant allele in line 2369.B (Figure 2), which sequence analysis confirmed to be a
829bp deletion in the HAG3 gene (Supplemental Figure 10). The primers used to amplify each
gene along with the expected wild-type PCR product sizes are listed in Table 3.
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Identification of mutations using single protospacer-containing constructs also required
PCR amplification of the targeted genomic sequences followed by fragment purification and
DNA sequencing. Lines with confirmed mutations through either sequencing or obvious PCR
product size differences were carried forward to produce stable homozygous mutant lines for
which the CRISPR-Cas9 construct had been segregated away to produce non-transgenic mutant
lines. Segregating away the CRISPR-Cas9 construct is essential to ensure genome stability as
well as required for USDA APHIS approval to carry out field trial experiments. Lines with
homozygous mutations were sent to a collaborator, CoverCress Inc., for glucosinolate analyses.
A subset of the identified mutants and the mutations that they harbor are listed in Table 4 and
related sequencing data can be seen in Supplemental Figures 4-8.

Glucosinolate Analyses
All glucosinolate analyses were conducted by Joe Lyons at CoverCress, Inc. as described
in the Methods section. Plant tissues were processed through a methanol extraction and sephadex
/ sulfatase purification procedure as described in Kliebenstein et.al, 2001. The desulphated
glucosinolate products were analyzed by light absorbance in the UV range to quantify
glucosinolate concentrations, comparing to an internal standard. Tissue samples from line
2180.A (hag1-3 heterozygous and hag3-2 homozygous) were found to have a 35% reduction in
glucosinolate content compared to wild type, whereas samples from line 2172.A, a hag1-2,
hag3-1 double homozygous mutant, had about a 95% reduction in vegetative glucosinolate
content compared to wild type (Table 5).
Pennycress seed glucosinolate content was also determined by using semi-quantitative
near infra-red spectroscopic (NIRS) analysis, which served as a nondestructive and rapid
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alternative when seeds were limited. Data from lines analyzed by NIRS can be seen in Table 6.
These hag single-gene mutants and mutant combinations displayed three distinct levels of seed
glucosinolate reduction of about 30%, 60%, and >80% (Figure 3). The 30% reduction was
observed in both line 1887.B.2.G.4.8.D.1 (hag1-1) and line X127.A.1.A.16 (hag1-1, hag2-1
double mutant). The 60% reduction was found in line 2491.A.9.M (hag1-5, hag2-3, hag3-7 triple
mutant combination). The >80% reductions were found in lines X136.J.18 (hag1-2, hag3-1)
double mutant combination) and 2476.C.3 (hag1-4, hag2-2, hag3-6). Lines 2507.B.10 (hag1-6,
hag2-4, hag3-8) and 2507.B.13 (hag1-7, hag3-8) also appeared to have large glucosinolate
reductions, but small sample sizes prevented statistical analyses. All other lines contained seed
glucosinolate levels indistinguishable from wild type. The 1887.B.2.G.4.8.D.1 hag1-1 reduced
glucosinolate result was a surprise, given that seeds from this line previously exhibited
glucosinolate levels indistinguishable from wild type. This discrepancy may be an environmental
effect or due to the fact that NIRS analysis is semiquantitative. The more accurate wet chemistry
analysis of these lines remains to be done by our collaborator.

Germination Rates
Germination experiments were carried out on agar media over an 8-day period, with 50
seeds plated for each of several lines containing homozygous mutations in the HAG genes, along
with wild-type controls. Due to limited seed availability, data from the following lines were
pooled to allow for statistical analyses: Lines 2369.B.19 (hag3-4), 2367.A (hag3-3), and 2376.A
(hag3-5) representing the so-called hag3-pool. The genotypes tested in this experiment were as
follows: Wild-type spring-type control Spring 32-10; Wild-type winter-type control B36; hag11; hag2-1; hag3-pool; hag1-1 hag2-1 double; and hag1-2 hag3-1 double. The specific lines as
well as the average number of germinated seeds each day are listed in Table 7. The only
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genotype that significantly deviated from wild-type germination levels was the winter-type hag12 hag3-1 double mutant on day 3. However, this lack of significant differences may be due to
large standard deviations between biological reps. By day 8, almost all of the seeds had
germinated for all of the mutant and wild-type lines, signifying no differences in seed viability
(Table 7; Figure 4). Preliminary data from another germination experiment suggested some
delay in germination for the spring-type mutant line 2507.B.13 (hag1-7, hag3-8) as well as triple
mutant lines 2491.A.9.A and 2476.C.10 (Supplemental Table 3; Supplemental Figure 9).
These experiments will need to be repeated as more seeds become available to determine if any
differences repeat and are in fact significant. Many of the biological replicates had high
variability perhaps due to environmentally-derived maternal effects on germination, which may
hide reduced germination phenotypes caused by the hag mutations.

Plant Height of Different HAG Mutants
Height data was collected on 8 to16 individual plants from several different mutant lines
at full maturity before seeds were harvested. The lines analyzed, and corresponding data shown
in Figure 5, are as follows: Gen10.A.1.A (wild-type Spring 32-10); 1887.B.2.G.4.8.D.1 (hag11); X124.B.2 (hag2-1); 2367.A.1 (hag3-3); 2369.B.19.A (hag3-4); 2376.A.1 (hag3-5);
X127.A.1.A (hag1-1, hag2-1); 2476.C.1 (hag1-4, hag2-2, hag3-6); and 2491.A.9.A (hag1-5,
hag2-3, hag3-7). Plants from lines 2367.A.1 (hag3-3) and 2376.A.1 (hag3-5) were significantly
taller than wild type, while plants from line 2476.C.1 (hag1-4, hag2-2, hag3-6) were the only
found to be significantly shorter than wild type. Preliminary data suggests the winter-type line
X136.J (hag1-2, hag3-1) may also have a reduced growth phenotype (data not shown), but the
experiment needs to be repeated as more seeds become available for planting.
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Seed Yield
Seeds from mutant lines were analyzes with the Marvin 5.0 Seed Analyzer system. Data
corresponding to seed numbers, sizes, and weights can be quickly acquired with this
instrumentation, which contains a high-resolution CCD camera, integration software, and a
balance. The following lines were analyzed in this manner: Gen10.A.1.A (wild-type Spring 3210); 1887.B.2.G.4.8.D.1 (hag1-1); X124.B.2 (hag2-1); 2367.A.1 (hag3-3); 2369.B.19.A (hag34); 2376.A.1 (hag3-5); X127.A.1.A (hag1-1, hag2-1); 2476.C.1 (hag1-4, hag2-2, hag3-6); and
2491.A.9.A (hag1-5, hag2-3, hag3-7). Only one line, 2476.C.1 (hag1-4, hag2-2, hag3-6), was
found to have significantly different (reduced) overall seed weight when compared to wild type
(Figure 6).
To elucidate whether this change in line 2476.C.1 total weight was due to fewer or
smaller seeds, total number of seeds and the thousand grain weight (TGW) were analyzed. When
looking at total seed count, a similar trend was seen with line 2476.C.1 alone producing
significantly fewer seeds than wild-type plants (Supplemental Table 1; Figure 7). No
significant differences were found between the line’s thousand grain weights (Supplemental
Figure 1). This suggests the 2476.C.1 (hag1-4, hag2-2, hag3-6) mutant line produced seeds that
are in the same size range as wild type seeds and the discrepancy in seed yield is due to line
2476.C.1 producing fewer seeds.
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Table 1.
4-Guide Vector Designs.
Guide RNA
gRNA #1
gRNA #2
gRNA #3
gRNA #4

Promoter PHEE401E/#1 PHEE401E/#8
U6_26
HAG1 (PS1) HAG1 (RPS5)
Efficiency
40% (4/10)
46% (23/50)
U6_29
FAE1 (NPS6) HAG2 (PS2)
Efficiency
0%
29% (12/42)
U6_1
HAG2 (PS1)
HAG2 (PS1)
Efficiency
0%
0%
U6_26
HAG3 (PS2)
HAG3 (PS2)
Efficiency
80% (8/10)
54% (27/50)

Note. Breakdown of multi-guide constructs Phee401E/#1 and Phee401E/#8. Each two columns
to the right list the gRNAs in each vector along with T1-generation editing efficiencies whereas
the first column lists the promoters driving expression of each gRNA. Note that gRNA #3 did
not produce any mutations. Upon switching out the U6_1 promoter we were able to see editing
activity with subsequent constructs. Editing efficiencies of each protospacer are listed beneath
the name as a percent (number of chromosomes edited / number of total chromosomes).
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Table 2.
2-Guide Vector Designs.
Vector
HAG2_PV1
HAG2_PV2
HAG3_PV1
HAG3_PV2
HAG2,3_PV1*
HAG2,3_PV2*

gRNA #1
HAG2 (PS4)
HAG2 (PS6)
HAG3 (PS3)
HAG3 (PS5)
HAG2 (PS5)
HAG2 (PS6)

Efficiency
N.D.
N.D.
33% (13/40)
N.D.
N.D.
N.D.

gRNA #2
HAG2 (PS2)
HAG2 (PS5)
HAG3 (PS4)
HAG3 (PS6)
HAG3 (PS2)
HAG3 (PS2)

Efficiency
25% (2/8)
N.D.
35% (7/20)
N.D.
N.D.
N.D.

Note. Breakdown of 2-guide constructs in pHEE401E and pEC666red3 plasmids. Each row
represents a vector, while each column represents the gRNA used in that vector. Promoter U6_26
drove expression of the gRNA #1 protospacers whereas promoter U6_29 drove expression of the
gRNA #2 protospacers. Asterisks indicate constructs in the binary vector pEC666red3. The listed
editing efficiency percentages represent the number of chromosomes edited / number of total
chromosomes (in parentheses) of T1-generation plants. N.D. (no data).
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Table 3.
PCR Primers for HAG Genes.
Primer Name
HAG1_outer_F1
HAG1_outer_R1
HAG2_outer_F2
HAG2_outer_R1
HAG3_outer_F1
HAG3_outer_R1

Sequence
AGACCCAAGAGCGTTTCTCG
CCCAGGTTTAGGGTTTGTGTGA
CGGTTAATCTCAACGGACCAT
GGGCTGACCAGTTAATCTCATG
ACAGATCTATTGGTCTCTTGCC
CCATGTGTTCCCCTGGATCAA

Band Length
1724bp
1401bp
1847bp

Note. List of primers used to PCR amplify each of the HAG genes with expected wild-type band
lengths.
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Table 4.
Subset of HAG Mutants Created with CRISPR Constructs
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Construct

Name

HAG1

pDe_sp_cas9
pDe_sa_cas9
pDe_sa_cas9
pHEE401E/#1
pHEE401E/#1
pHEE401E/#8
pHEE401E/#8
pHEE401E/#8
pHEE401E/#8
pHEE401E/#8
HAG3 2-gRNA
HAG3 2-gRNA
HAG3 2-gRNA

1887.B.2.G.4
X124.B.2
X127.A.1
X136.J.11
2180.A
2476.C
2491.A
2515.C
2507.B.10
2507.B.13
2369.B.19
2367.A
2376.A

(-G)
wt
(-G)
(+A)
het -2
(-8)
(+G)
(-2)
het -232
(-4)
wt
wt
wt

Allele
Designation
hag1-1
hag1-1
hag1-2
hag1-3
hag1-4
hag1-5
hag1-8
hag1-6
hag1-7

HAG2
wt
(+T)
(+T)
wt
wt
(-3)
(-9)
(-2)
(-A)
wt
wt
wt
wt

Allele
Designation
hag2-1
hag2-1

hag2-2
hag2-3
hag2-5
hag2-4

HAG3
wt
wt
wt
(-13)
(-6)
(+C)
(-36)
(+A)
(-A)
(-A)
(-829)
(-24)
(-2)

Allele
Designation

hag3-1
hag3-2
hag3-6
hag3-7
hag3-9
hag3-8
hag3-8
hag3-4
hag3-3
hag3-5

Background
Gen10
Gen10
Gen10
B36
B36
Gen10
Gen10
B5.A
Gen10
Gen10
Gen10
Gen10
Gen10

Note. Subset of mutants created using CRISPR-Cas9 for this work. Although more mutant lines were created these lines account for
the data presented in this thesis. All mutations are homozygous unless otherwise stated in the table.

Table 5.
Glucosinolate Concentration in Vegetative Tissue.

Sample name
b36.A (control)
b36.A (control)
2172.A hag1-2, hag3-1 (-16)
2180.A hag1-3, hag3-2 (-6)

glucosinolate
(umol/g)
41.7
38.4
1.05
26.0

Note. Tissue samples taken from plants along with corresponding glucosinolate concentration in
one hole-punch, normalized to 4.3mg, of vegetative tissue analyzed by high pressure liquid
chromatography. Line 2180.A (hag1-3 heterozygous, hag3-2 homozygous) shows a slight
decrease in glucosinolate concentration. Line 2172.A (hag1-2, hag3-1 double homozygous)
shows > 95% reduction in vegetative glucosinolate concentrations.
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Table 6.
Glucosinolate (Sinigrin) Concentration in Seeds.

a.
b.
c.
d.
e.
f.
g.
h.
i.
j.
k.
l.
m.

Sample ID

Background

Gene target

GEN10.A.1.A.7
1887.B.2.G.4.8.D.1
X124.B.2.B
2367.A.10
X127.A.1.A.16
X136.J.18
2491.A.9.M
2476.C.3
2507.B.10
2507.B.13
B36.A.1
2369.B.19.M
2376.A.15

Spring32-10
Spring32-10
Spring32-10
Spring32-10
Spring32-10
B36
Spring32-10
Spring32-10
Spring32-10
Spring32-10
B36
Spring32-10
Spring32-10

WT spring type
hag1-1
hag2-1
hag3-3
hag1-1, hag2-1
hag1-2, hag3-1
hag1-5, hag2-3, hag3-7
hag1-4, hag2-2, hag3-6
hag1-6, hag2-4, hag3-8
hag1-7, hag3-8
WT winter type
hag3-4 (-829bp)
hag3-5

Average Sinigrin
4 (umol/g)

Standard
Deviation

94.12
64.33
91.08
82.4
63.04
11.3
37.36
17
18.03
14.62
96.68
86.13
92.92

3.29
3.72
9.26
4.2
2.91
2.19
7.03
4.69
NA
NA
8.05
6.04
7.08

Note. Average glucosinolate concentrations in the seeds of hag mutant lines as determined
through near infrared spectroscopy. Lines 1887.B.2.G.4.8.D.1, X127.A.1.A.16, X136.J.18,
2491.A.9.M, and 2476.C.3 all showed a significant reduction in glucosinolate concentration
compared to wild type. The remaining lines had no significant changes in glucosinolate
concentration compared to wild type. This data was generated with four sibling plants from each
line except B36.A.1 which had three. Lines without standard deviation calculations lacked the
necessary biological replicates to perform statistical analyses but appear to have reductions in
total seed glucosinolates. N= 3-4
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Table 7.
Germination Data of Surface-Sterilized Seeds Plated on Agar Growth Media.
genotype
spring type

Day1

Day2

Day3

Day4

Day5

Day6

Day7

Day8

Gen10.A.1.A.1

Plant Name

0 (0)

0.33 (0.58)

23.67 (20.98)

36.67 (19.63)

45.67 (4.04)

47.67 (2.31)

48.33 (1.15)

49 (1.00)

1887.B.2.C.4.A.8.B

hag1-1

0 (0)

0 (0)

6.00 (5.57)

34.33 (21.96)

41.33 (14.15)

47.00 (4.36)

49.33 (0.58)

49.33 (0.58)

HAG#1.A.5.C.1.D

hag2-1

0 (0)

0 (0)

14.00 (15.10)

29.00 (20.52)

34.33 (14.01)

42.67 (9.45)

45.00 (8.66)

46.00 (6.93)

hag3-pool

hag3-3,4,5

0 (0)

0 (0)

1.67 (2.88)

13.33 (11.93)

33.00 (12.17)

44.00 (6.00)

49.67 (0.58)

50.00 (0)

X127.A.1

hag1-1, hag2-1

0 (0)

0 (0)

16.67 (19.43)

33.33 (23.86)

45.33 (7.23)

48.67 (2.31)

49.67 (0.58)

49.67 (0.58)

B36.A.1

winter type

0 (0)

0.67 (.58)

48.67 (2.31)

50.00 (0)

50.00 (0)

50.00 (0)

50.00 (0)

50.00 (0)

2172.A.3

hag1-2, hag3-1

0 (0)

0 (0)

9.67 (8.14)

31.33 (12.70)

44.67 (3.06)

46.33 (1.53)

46.67 (1.15)

48.00 (1.00)

Note. Average number of seeds germinated each day after plating. Standard deviations are shown in parentheses. Three biological
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replicates of 50 seeds were measured each day for 8 days following plating. The only genotype that showed a significant difference
was line 2172.A.3 compared to the winter-type control on day three. On day four the difference was no longer statistically significant
and on day 8 there were no significant differences in total germination.

Figure 2. Putative HAG3 Mutant Gel Image. Gel image of HAG3 PCR screening for putative
mutants. Lane 1-2: Wild-Type HAG3 band at 1,847bp. Lane 3: hag3-4 (-829 bp) mutant band
~1kb. Lane 4: 1kb Generuler. Lane 5-6: putative hag3 mutant bands near 1,800 bp.
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Seed glucosinolate tissues in different mutant hag combinations
120

Glucosinolate umol/g

100
80

A

A

A
Spring WT
hag1-1

B

B

hag2-1

60

hag3-3

D

hag1-1, hag2-1

40

hag1-2, hag3-1

C

20

C

hag1-5, hag2-3, hag3-7
hag1-4, hag2-2, hag3-6

0

Lines

Figure 3. Average seed glucosinolate concentrations. Average glucosinolate values in seeds
based on near infrared spectroscopic (NIRS) analysis performed by CoverCress, Inc. Lines hag11, hag1-1 hag2-1, hag1-2 hag3-1, hag1-5 hag2-3 hag3-7, and hag1-4 hag2-2 hag3-6 all showed a
significant reduction in glucosinolate concentration compared to wild type. The remaining lines
had wild-type levels of glucosinolates. Error bars represent standard deviations. Different letters
represent statistical differences (p < 0.05) as determined by one-way ANOVA and Tukey’s test.
N= 4.
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Total Germination by day 8

number of seeds

60.00
50.00

spring type

40.00

winter type
hag1-1

30.00

hag2-1
20.00

hag3-pool
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hag1-1, hag2-1
hag1-2, hag3-1

0.00

Samples

Figure 4. Total Germination by Day 8. Total germination by day 8 of hag mutant lines. No
significant differences were found in total germination, as determined by one-way ANOVA and
Tukey’s test. Error bars represent standard deviation. N=3
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Height of Pennycress Plants at Maturity
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Figure 5. Pennycress Height Data. Height at time of harvest for several mutant lines. The only
line that grew significantly shorter than wild type was the (hag1-4, hag2-2, hag3-6) triple mutant
line, 2476.C.1. All other lines grew indistinguishably from wild type or slightly better. Error bars
represent standard deviation. Different letters represent statistical differences (p < 0.05) as
determined by one-way ANOVA and Tukey’s test. N=8-16.
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Total Seed Weight of hag mutants
1.4
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Weight (g)
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0.2

hag1-5, hag2-3, hag3-7
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Figure 6. Pennycress Seed Weights. Average total seed weights (per plant) for hag mutant lines.
The data show that line 2476.C.1 (hag1-4, hag2-2, hag3-6) deviates significantly from wild type,
whereas the seed yields of all other lines were not significantly different from wild type. Error
bars represent standard deviation. Different letters represent statistical differences (p < 0.05) as
determined by one-way ANOVA and Tukey’s test. N=8-16.

33
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Figure 7. Total number of seeds. Average number of seeds produced per plant. Showing line
2476.A.1 (hag1-4, hag2-2, hag3-6) has reduced seed yield compared to wild type. All other lines
produced similar numbers of seeds to wild type. Error bars represent standard deviation.
Different letters represent statistical differences (p < 0.05) as determined by one-way ANOVA
and Tukey’s test. N=8-16.
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CHAPTER IV: DISCUSSION
Introduction
The focus of this thesis was to elucidate the roles the HAG genes play in pennycress
glucosinolate biosynthesis and plant growth, and to generate hag mutant combinations having
reduced seed glucosinolate content that may be agronomically relevant and commercially viable.
We determined that the pennycress HAG1 and HAG3 genes function redundantly with respect to
glucosinolate production, with a hag1hag3 double mutant line exhibiting substantially reduced
seed glucosinolate content, whereas HAG2 appeared to play only a minor role in glucosinolate
production. We also found that combinations of hag1, hag2, and hag3 mutations in pennycress
led to delayed seed germination and overall reduced plant growth, with hag triple mutant plants
having reduced seed yields.
Pennycress lines of various hag mutant combinations were successfully produced with a
variety of reductions in both seed and tissue glucosinolate concentrations as compared to wild
type. This work highlights differences in the roles of the HAG genes in pennycress compared to
other members of the Brassica family. For example, in at least some Arabidopsis ecotypes (e.g.
Col-0), HAG1 is the master regulator of glucosinolate production, with HAG2 and HAG3 playing
minor roles.
The hypothesis going into this work was that functional redundancies between the HAG
genes was responsible for the absence of a glucosinolate phenotype in pennycress hag1 mutants.
The data presented here supports that hypothesis, showing lines with mutations in single genes
have little to no reductions in total glucosinolate concentrations. Both double mutant lines,
X127.A.1.A (hag1-1 hag2-1) and X136.J (hag1-2 hag3-1), exhibited 30% and 88% seed
glucosinolate reductions, respectively. These data suggest different roles between HAG2 and
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HAG3 in the biosynthesis of glucosinolates. We do not yet have confirmed hag2 hag3 mutant
lines to assess if that mutant combination reduces glucosinolate content. However, screening for
hag2 hag3 double mutants has begun as well as crossing single mutants to ensure the creation of
this mutant line.
Interestingly, based on NIRS analysis, the seeds of two hag1 hag2 hag3 triple mutant
lines 2476.C.1 and 2491.A.9 showed relative differences in total glucosinolate reductions
compared to wild type (Figure 3). Line 2476.C.1 seeds displayed about 82% glucosinolate
reduction whereas line 2491.A.9 seeds had a 60% reduction (Table 4). While NIRS is semiquantitative and the results must be confirmed with the more accurate UV-based biochemical
method, one possible explanation for this discrepancy is a difference in loss of function
corresponding to the different hag3 mutations in these lines. Line 2476.C has a +C (hag3-6)
insertion in the open reading frame predicted to cause a frame shift and premature stop codon.
By contrast, line 2491.A has a 36bp (hag3-7) deletion which results in a 12 amino acid deletion.
In theory, the HAG3 protein in line 2491.A is translated normally except for the missing 12
amino acids (Figure 8). Therefore, the resulting HAG3 protein may be functional or partially
functional, whereas the HAG3 protein in line 2476.C.1 likely is non-functional due to the
frameshift mutation, which is consistent with the stronger glucosinolate phenotype observed for
line 2476.C.1.

Unexplained Phenotypes
Surprisingly, hag1-1 mutant line 1887.B.2.G.4.8.D exhibited a roughly 30% reduction in
seed glucosinolate levels (Figure 3), contrary to results from previous generations of this line,
which exhibited wild-type glucosinolate levels. One possible explanation is that these results are
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inaccurate in that they are based on near infra-red spectroscopy (NIRS) which is a more
qualitative measurement than the UV-based wet chemistry method. The UV-based method is
destructive, and at the time of our analyses, we did not have enough seeds to spare for
destruction. As more seeds become available, the UV-based analysis will be conducted and
should shed more light on whether the observed hag1 reduced glucosinolate phenotype is
legitimate or an artifact.
One triple mutant line, 2476.C, showed an obvious negative growth phenotype in both
total height and seed yield (Figures 5 and 6). One possibility is that drastically lower
glucosinolate levels have detrimental effects on pennycress. Glucosinolates have been shown to
play a role in signaling, such as thermosensitivity and expression of heat shock proteins in
Arabidopsis (Ludwig-Müller, 2000). However, line X136.J has similar glucosinolate levels but
showed growth indistinguishable from wild type plants. Another possibility is due to the nature
of the R2R3-MYB gene family. The HAG genes are part of the R2R3-MYB gene family, which
is a large family of transcription factors in higher plants (Stracke, 2001; Jin, 1999). These MYB
genes are responsible for regulating many processes in plants and have high levels of interplay
with other transcription factors (Jin, 1999, Stracke, 2001). Creating knock out mutations in all
three genes may interfere with proper expression of essential genes. The other triple mutant line,
2491.A, did not show this reduction in overall growth which may be due to the production of the
partially functional HAG3 protein produced as mentioned above.

Growth Conditions
A recent problem with soil quality of the BM7 bark mix we used caused roughly 70% of
the plants to die and stunted the growth of the remaining plants. We subsequently changed to a
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more expensive and reliable potting soil, Miracle Grow moisture control potting mix. The
growth data presented in this work is the first use of this new soil. These plants grew noticeably
larger and accumulated much more vegetative tissue than previous generations. A small number
of plants also died in the new soil seemingly due to competition for space and light. This
competition may also be responsible for the large standard deviations seen in much of the growth
data (Supplemental Table 1). These analyses should be repeated in a manner that reduces
competition between plants, such as fewer plants per pot or a mixture of less nutritious soil. This
could further elucidate any mutations that may confer small but meaningful reductions, which
were masked in this dataset due to the large standard deviations.
Among the hag1hag2hag3 triple mutant lines in the spring-type background, Spring 3210, we noticed a deformed leaf phenotype not observed in wild-type leaves (Figure 9). The
leaves of the triple mutant plants were wrinkled or curled unlike wild-type controls. This
phenotype may be related to the decreased glucosinolate content, as it has also been seen in
leaves of other low glucosinolate mutants produced by our lab (not shown). This phenotype was
only recently characterized and has not been associated with any negative growth or seed yield
phenotypes.
One issue seen in growth chambers has been predation by thrips. Thrips are small insects
that eat pollen and chew on tissues, which in turn causes sterility in the plant. Thrips can also be
vectors of plant viruses (Jones, 2005). These insects are normally kept under control through
regular cleanings and maintaining plants of similar age in each chamber. However, some
chambers do amass large thrip populations and in these chambers, there seems to be a
predisposition towards low glucosinolate lines. This problem is not likely to carry over into a
field environment because pennycress normally finishes flowering by early to mid-May while
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insect populations are still small. This could be a confounding variable when looking at negative
growth phenotypes in the lab and will need to be closely monitored.

Future Directions
The set of pennycress HAG mutant combinations generated as part of this thesis will be
useful in studying the importance of glucosinolates in pennycress resistance to biotic challenges,
such as insect herbivory and fungal infections, and may also be of value in the development of
low glucosinolate commercial varieties. More work is required to determine if HAG2 or the other
two HAG genes are induced developmentally or by environmental challenges.
The near-term continuation of this work should involve the screening for and characterization of
the missing mutant combination, hag2hag3. This will give a more complete picture of how the
HAG genes interact in pennycress. This will also create a complete set of single, double, and
triple mutant lines for further study. The low glucosinolate mutants created in this work can be
combined with other agronomically-important traits such as reduced seed oil erucic acid content,
reduced seed coat fiber content, and reduced pod shatter. These traits along with lower seed
glucosinolate concentrations are the core domestication traits essential for the commercial launch
of economically viable pennycress varieties to be grown throughout the lower Midwest U.S.
Field trials of the different hag mutants and combinations are also necessary to ensure
that low glucosinolate phenotypes are reproducible in “real world” conditions and that the
mutants can perform in the field. The stresses found in the field could reveal inabilities or
difficulties not seen under laboratory growth conditions. Glucosinolates are well known for their
role in plant defense but work in several other Brassica species has shown that glucosinolates
also function in cell signaling pathways. Specifically, glucosinolates seems to play a role in
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thermosensitivity in both Brassica alboglabra (Chinese kale) and Arabidopsis thaliana
(Martínez-Ballesta, 2013, Ludwig-Müller, 2000). Arabidopsis mutants with reduced
glucosinolates were found to be more sensitive to high temperatures and had reduced expression
of HEAT SHOCK PROTEIN90 (HSP90) (Ludwig-Müller, 2000).
As mentioned previously, the HAG genes are part of the large R2R3-MYB family of
transcription factors and may play axillary roles in the expression of other genes (Jin, 1999,
Stracke, 2001; Mostafa et al., 2016). The MYB family is known to regulate a variety of stress
responses (Martínez-Ballesta, 2013). Compromised abilities of pennycress varieties to be
resilient against abiotic and biotic challenges could prove disastrous when trying to launch as a
commercial crop. These questions make field trials a necessity to understand how these genetic
changes might manifest themselves in a natural environment.
Another key factor with these mutants is herbivory and pathogen infection.
Glucosinolates are the plants’ natural defense against predation, and lines with reduced
glucosinolates might make an excellent food source for insect pests and fungal pathogens in the
fall and spring months, and for animals through the harsh winter months. However, some mutant
combinations and even certain single mutations in the HAG genes may result in moderate
reductions that could maintain the physiological importance of glucosinolates and maintain
pennycress resilience. Moreover, other winter crops such as wheat and cover crops are edible to
animals yet have minimal herbivory damage.

Field Trials
To be able to put these mutant plants in the field, the United States Department of
Agriculture Animal and Plant Health Inspection Service (USDA APHIS) must confirm that they
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are not regulated. This is done through submission of an Am I Regulated (AIR) document
proving the absence of any transgene or foreign DNA in the mutant lines created and that the
lines do not pose a threat to production agriculture. USDA APHIS AIR inquiries have been
submitted for hag1, hag3, and hag1hag3 lines. Work is ongoing to complete the AIR process for
hag2 mutant lines.
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TaHAG3 (WT)

RLIDQGIDPVTHKPLAPSPSPATLKPSDFQDDSSNLGN (152)

TaHAG3(-36bp)

RLIDQGIDPVTH------------KPSDFQDDSSNLGN (140)

Figure 8. Protein Sequence of 2491.A (-36bp) and Wild Type HAG3. The twelve amino acids
predicted to be missing in the mutant line can be seen highlighted in the wild-type sequence. The
36bp deletion does not produce a frameshift, so the remaining open reading frame sequences
likely code for the same C-terminal amino acids.
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hag1,2,3

WT

Figure 9. Photo of negative growth phenotype observed in hag1hag2hag3 mutants. A. Image of
plants at early flowering stage. The mutant plants are significantly shorter and show reduced
flowering at this point. B. Image of leaves taken at the same time point. The hag1hag2hag3
mutant leaves have a rough or blistered surface while the WT leaves are smooth.
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APPENDIX A: SUPPLEMENTAL TABLES
Supplemental Table 1.
Growth Data for Mutant Lines.
Name
Gen10.A.1.A
1887.B.2.G.4.8.D.1
X124.B.2
2367.A.1
2369.B.19.A
2376.A.1
X127.A.1.A
2476.C.1
2491.A.9.A

Genotype
wild type
hag1-1
hag2-1
hag3-3 (-24)
hag3-4 (-829)
hag3-5 (-2)
hag1-1, hag2-1
hag1-4, hag2-2, hag3-6
hag1-5, hag2-3, hag3-7

Weight
0.85
1.01
1.02
0.96
0.81
1.05
0.91
0.49
0.77

Seeds
843.89
1026.75
924.63
910.13
795.27
985.50
914.50
476.44
739.50

TGW
1.01
0.99
1.10
1.06
1.02
1.06
1.00
1.04
1.05

Height
58.04
58.25
63.13
63.60
59.03
64.97
58.40
50.50
57.16

Note: Average growth data for hag mutants collected from 8-16 individual plants per line.
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Supplemental Table 2.
gDNA Sequences Used as Targets for CRISPR-Cas9 Constructs
Protospacer
HAG1 (PS1)
HAG1 (RPS5)
HAG2 (PS1)
HAG2 (PS2)
HAG2 (PS4)
HAG2 (PS5)
HAG2 (PS6)
HAG3 (PS2)
HAG3 (PS3)
HAG3 (PS4)
HAG3 (PS5)
HAG3 (PS6)

20nt sequence (5'-3')
TCAAGAAAGCCGTGTTGTGT
AGCCTCCTTCACCGTGCTCG
GACCATGCTGTATCGGAGAA
AAGGAGCAGTCGTTACAGCC
TGAACCCCGATATCAAGAG
CACAACAAGGATCAAGATCT
TCGGAGAAGGGTTAAAGAA
ACTTGCCCCTAGCCCTAGTC
GAAAAAGTTGTAGATTGCGA
GCATCTAGGGCTGCTTCCAT
ATCTTATCAGCGTCCATGGA
GAAGCTAGCCAATTCCAGA

Note. Protospacer guide names along with their corresponding DNA sequences.
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Supplemental Table 3.
Preliminary Germination Rates of Specific Lines.
Plant Name
Spring WT
2507.B.13 hag1-7, hag3-8
2507.B.10 hag1-6, hag2-4, hag3-8

Day1
0
0
0

Day2
0
0
0

Day3
0
1
0

Day4
14
4
4

Day5
41
7
20

Day6
45
14
40

Day7
47
22
47

Day8
48
29
48

Note. Germination rates of two mutant lines next to WT control. Genotype of mutant lines follow the line name. Data suggests delay
or reduced germination for line 2507.B.13.
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APPENDIX B: SUPPLEMENTAL FIGURES

TGW
1.4

A
1.2

AB

B

AB

AB

AB

AB

AB

AB

hag1-1

1

weight (g)

wild type

hag2-1
0.8

hag3-3
hag3-4 (-829bp)

0.6

hag3-5
0.4

hag1-1, hag2-1
hag1-4, hag2-2, hag3-6

0.2

hag1-5, hag2-3, hag3-7
0

Samples

Supplemental Figure 1. Thousand grain weight of hag mutant lines. One-way ANOVA and
Tukey’s test showed no significant differences between mutant lines and wild-type control. Bars
represent standard deviations of the means. Different letters represent statistical differences (p <
0.05) as determined by one-way ANOVA and Tukey’s test. N=8-16.
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1
PS1
PS6
70
TaHAG2_CDS ATGTCGAAAAGACCATGCTGTATCGGAGAAGGGTTAAAGAAAGGAGAAAGAAAGGAGCATGGACGTCAGG
AtHAG2_CDS ATGTCAAAGAGACCATATTGTATCGGAGAAGGACT-----------GAAGAAAGGAGCATGGACTACAGA
·················································································
71
140
TaHAG2_CDS GGAAGACAAAAAACTCATCTCTTATATCCATGAACATGGCGAAGGAGGTTGGCGTGACATTCCCGAAAAA
AtHAG2_CDS AGAGGATAAAAAACTCATCTCTTATATCCACGACCACGGTGAAGGAGGCTGGCGTGACATTCCAGAAAAA
·················································································
141
PS4
210
TaHAG2_CDS GCTGGGCTAAAACGGTGTGGAAAGAGTTGCAGACTGCGATGGGCGAACTATTTGAACCCCGATATCAAGA
AtHAG2_CDS GCTGGGCTGAAACGGTGTGGAAAGAGTTGTAGATTACGGTGGACTAACTATTTGAAACCAGATATCAAGA
·················································································
211
280
TaHAG2_CDS GAGGAGGATTTAGCTACGAGGAAGAACAGATCATCATCATGCTTCATGCTTCTCGTGGCAACAAGTGGTC
AtHAG2_CDS GAGGAGAGTTTAGCTATGAGGAAGAGCAGATTATCATCATGCTTCATGCATCTCGTGGCAATAAGTGGTC
·················································································
281
350
TaHAG2_CDS AGTCATAGCAAGACATTTGCCGCAAAGAACAGACAACGAGATCAAAAACTATTGGAACACACATCTCAAG
AtHAG2_CDS TGTCATAGCTAGACATTTGCCAAAAAGAACGGATAACGAGGTCAAAAACTATTGGAACACACATCTCAAG
·················································································
351
420
TaHAG2_CDS AAACGCCTGATCAATAAGAGCACTGATTCCGTGACCCACAAGCCTCTAGCTTCCTCTAACCCTAGTCCTA
AtHAG2_CDS AAACGTTTAATCGATGATGGCATTGATCCCGTGACACACAAGCCACTAGCTTCTTCTAACCCTAATCCAG
·················································································
421
PS2
490
TaHAG2_CDS CCGAGCGTAAGAAGCTCGATTCCCAAGAAGAATCCAATCCCAAGGAGCAGTCGTTACAGCCGGGTTCGAA
AtHAG2_CDS TTGAGCCCATGAAGTTCGATTTCCAAAAGAAATCCAATCAGGATGAGCACTCTTCACAGTCTAGTTCTAC
·················································································
491
560
TaHAG2_CDS GTCTCCAGTATCTCTTTCCCTTTCTTCGAGTTTCAACGACACTGTACCCGAGATCATGACCAGTGATGAG
AtHAG2_CDS AACTCCAGCATCTCTTCCCCTTTCCTCGAATTTGAACAGTGTTAAATCCAAAATT---AGCAGTGGTGAG
·················································································
561
630
TaHAG2_CDS ACGCCTCTAGAAAGTGGTTTCTTGAGTTGCAAAAAAAGTGTCGAGAGATCGAGCTCAACATCAAGGCTTT
AtHAG2_CDS ACGCAGATAGAAAGTGGTCACGTGAGCTGCAAGAAACGTTTTGGACGATCGAGCTCTACATCAAGGTTGT
·················································································
631
700
TaHAG2_CDS TAAACAAAGTTGCAGCTAGAGCTTCTTCCATCGGGAGTATCTTATCAACCTCCATAGAAGGAACTTTGAG
AtHAG2_CDS TAAACAAAGTTGCAGCTAGAGCTTCTTCCATCGGCAACATCTTATCAACATCCATAGAAGGAACCTTGAG
·················································································
701
PS5
770
TaHAG2_CDS ATCTCCTGCATCGTCCTCATGTCTCCCAAACTCATTGTGTCAATCATCTGAACACA------ACAAGGAT
AtHAG2_CDS ATCTCCTGCATCATCTTCAGGACTCCCAGACTCGTTCTCTCAATCATATGAGTACATGATCGATAACAAA
·················································································
771
840
TaHAG2_CDS CAAGATCTCGGTACGAGCATTGATCTTAGCATCCCCGATTACGATTACTCCCACTTTCTCGAGCACTTCA
AtHAG2_CDS GAAGATCTCGGTACGAGCATTGATCTCAACATCCCCGAGTATGATTTCCCACAGTTTCTTGAGCAACTCA
·················································································
841
910
TaHAG2_CDS TCAATAGCGAAGACGAAGCCGAAAACATTGGTGGCTGCAATCAAGATCTCCTTATGTCCGATTTCCCATC
AtHAG2_CDS TTAACGATGACGACGAAAATGAGAACATTGTTGGGCCCGAACAAGATCTCCTTATGTCCGATTTCCCATC
·················································································
911
980
TaHAG2_CDS AACATTAGTGGATAAAGAAAATATGAATTTTGAAGACATAACCGGTTGGTCAAGTTATCTTCTCGACCAT
AtHAG2_CDS AACATTCGTTGATGAAGACGATATA---CTTGGAGACATAACCAGTTGGTCAACTTATCTTCTTGACCAT
·················································································
981
1034
TaHAG2_CDS CCCAGTTTTACGTATGAATCGGAACAAGATTCCGACGACAACAACTTGTTATGA
AtHAG2_CDS CCCAATTTTATGTATGAATCGGATCAAGATTCCGACGAGAAGAACTTCTTATGA
·································································

Supplemental Figure 2. Nucleotide sequence alignment of TaHAG2 and AtHAG2. Nucleotide
sequence alignment of the Arabidopsis HAG2 gene (AT5G07700) and the Thlaspi arvense
HAG2 CDS (derived from the transcriptome assembly contig GAKE01003245.1; Dorn et al.,
2015). The red line delineates the 20 nucleotide protospacer sequence used in CRISPR-Cas9
constructs; the red box delineates the NGG protospacer adjacent motif (PAM) site.
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1
70
TaHAG3_CDC ATGTCAAGAAAGCCATGTTGTGTGGGAGAAGGGCTGAAGAAAGGAGCATGGACCGCCGAAGAAGACAAGA
AtHAG3_CDS ATGTCAAGAAAGCCATGTTGTGTGGGAGAAGGACTGAAGAAAGGAGCATGGACTGCCGAAGAAGACAAGA
·················································································
71
140
TaHAG3_CDC AACTCATCTCTTACATCCATGAACATGGCGAAGGAGGCTGGCGTGACATTCCCCAAAAAGCTGGACTAAA
AtHAG3_CDS AACTCATCTCTTACATTCATGAACACGGTGAAGGAGGCTGGCGTGACATTCCCCAAAAAGCTGGACTAAA
·················································································
141
PS3
210
TaHAG3_CDC ACGATGTGGAAAAAGTTGTAGATTGCGATGGGCTAACTATTTGAAACCGGATATCAAGAGAGGAGAATTT
AtHAG3_CDS ACGATGTGGAAAGAGTTGTAGATTGCGATGGGCTAACTATTTGAAACCTGACATCAAGAGAGGAGAGTTT
·················································································
211
280
TaHAG3_CDC AGCTACGAGGAGGAGCAGATTATCATCATGCTTCACGCTTCCCGTGGCAACAAGTGGTCGGTCATAGCGA
AtHAG3_CDS AGCTATGAGGAGGAACAGATTATCATCATGCTACACGCTTCTCGCGGCAACAAGTGGTCAGTCATAGCGA
·················································································
281
350
TaHAG3_CDC GACATTTGCCCAAAAGGACAGACAACGAGATCAAGAACTATTGGAACACACACCTTAAAAAACGCCTTAT
AtHAG3_CDS GACATTTGCCCAAAAGAACAGATAACGAGATTAAGAACTACTGGAACACGCATCTCAAAAAGCTCCTGAT
·················································································
351
PS2
420
TaHAG3_CDC CGATCAAGGTATTGATCCCGTGACCCACAAGCCACTTGCCCCTAGCCCTAGTCCGGCCACGCTCAAGCCT
AtHAG3_CDS CGATAAGGGAATCGATCCCGTGACCCACAAGCCACTTGCCTATGACTC---------------------·················································································
421
490
TaHAG3_CDC TCTGATTTCCAAGATGACTCATCAAACCTGGGAAACTCGGATGAGCATTCACATTCGGGTTCTATGTCTC
AtHAG3_CDS --------------------------------AAACCCGGATGAGCAATCGCAATCGGGTTCCATCTCTC
·················································································
491
560
TaHAG3_CDC CAAAATCTCTTCCTCCGTCTTCAAGCTCCTGCAATCTAGCGGAGATAAGCAGCAGTGATGAGACACCGAA
AtHAG3_CDS CAAAGTCTCTTCCTC---CTTCAAGCTCCAAAAATGTACCGGAGATAACCAGCAGTGACGAGACACCGAA
·················································································
561
630
TaHAG3_CDC AAATGATGGTTCCTTGAAATCCAAGAAACGTTCTTTTAAGAGATCAAGTTCTACATCAAAGCTGTTAAAC
AtHAG3_CDS ATATGATGCTTCCTTGAGCTCCAAGAAACGTTGTTTTAAGAGATCGAGTTCTACATCAAAACTGTTAAAC
·················································································
631
PS4
PS5
700
TaHAG3_CDC AAAGTTGCATCTAGGGCTGCTTCCATTGGAAATATCTTATCAGCGTCCATGGAAGGAACCTTGGTTAGCT
AtHAG3_CDS AAAGTTGCAGCTAGGGCTTCTTCCATGGGAACTATACTAGGCGCCTCCATCGAAGGAACCTTGATCAGCT
·················································································
701
PS6
770
TaHAG3_CDC CTACCGCACTGTCTCCATGTCTCAATGATGACTTTTCCGAAGCTAGCCAATTCCAGATGGACGAATATGA
AtHAG3_CDS CTACACCGTTGTCTTCATGTCTAAATGATGACTTTTCTGAAACAAGTCAATTTCAGATGGAAGAATTTGA
·················································································
771
840
TaHAG3_CDC TCCATTCCCTCAGTCGTCTGAACACATAACTGATCATATGAAGGAGGACACCGGCATGATCTTTGATCTC
AtHAG3_CDS TCCATTCTATCAGTCATCTGAACACATAATTGATCATATGAAAGAAGATATCAGCA------------TC
·················································································
841
910
TaHAG3_CDC AACAACTCCGAATATGATTTCTCGCAGTTTCTCGAGCAATTTAGT---AACGAAGGCGAAGAAACCGAGA
AtHAG3_CDS AACAATTCCGAATACGATTTCTCGCAGTTTCTCGAGCAGTTTAGTAACAACGAAGGGGAAGAAGCTGACA
·················································································
911
980
TaHAG3_CDC ACATT---GGGGGATATAATCAAGATCTCCTTTCGTCTGACGTCTCATCACCAAGCGTTGATGAAGACAA
AtHAG3_CDS ATACTGGAGGAGGATATAACCAAGATCTTCTTATGTCTGATGTCTCATCAACAAGCGTTGATGAAGACGA
·················································································
981
1050
TaHAG3_CDC TATGATGGGAAACATAACCGGTTCCGGTTGGTCCAGTTATCTTGTTGACCATTCCGATTTTGTTTATGAC
AtHAG3_CDS GATGATGCAAAACATAA------CTGGTTGGTCAAATTATCTCCTTGACCATTCCGATTTCAATTATGAC
·················································································
1051
1086
TaHAG3_CDC AAGATCCAAGATAACGACGACAGGAACTTCATATGA
AtHAG3_CDS ACGAGCCAAGATTACGACGACAAGAACTTCATATGA
···············································

Supplemental Figure 3. Nucleotide sequence alignment of TaHAG3 and AtHAG3. Nucleotide
sequence alignment of the Arabidopsis HAG3 gene (AT5G07690) and the Thlaspi arvense
HAG2 CDS (derived from the transcriptome assembly contig GAKE01004525.1; Dorn et al.,
2015). The red line delineates the 20 nucleotide protospacer sequence used in CRISPR-Cas9
constructs; the red box delineates the NGG protospacer adjacent motif (PAM) site.
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A.

B.

C.

D.

E.

F.

Supplemental Figure 4. Alignment covering HAG1 PS1 and RPS5. Alignment of mutations
generated in HAG1 using CRISPR-Cas9 at protospacer site (PS1 and RPS5). Lines represented
are A. 1887.B.2.G.4 (-G), B. X136.J.11 (+A), C. 2476.C (-8 bp), D. 2491.A (+G), E. 2515.C (-2
bp), F. 2507.B.13 (-4 bp). Line 2507.B.10 (-232 bp) is shown in Supplemental Figure 11.
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C.

D.

E.

F.

Supplemental Figure 5. Alignment covering HAG2 PS2. Alignment of mutations generated in
HAG2 using CRISPR-Cas9 at PS2. Lines represented are C. 2476.C.9 (-3 bp), D. 2491.A (-9), E.
2515.C(+A), F. 2507.B.10 (-A).
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G.

Supplemental Figure 6. Alignment covering HAG2 Sa_PS1/2. Alignment of line X124.B.1 (+T)
mutant generated in HAG2 using CRISPR-Cas9 at Sa_PS1/2. Line X124.B.1
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B.

C.

D.

E.

F.

G.

Supplemental Figure 7. Alignment covering HAG3 PS2. Alignment of mutations generated in
HAG3 using CRISPR-Cas9 at PS2. Lines represented are B. X136.J.19 (-13 bp), C. 2476.C (+C),
bp), D. 2491.A (-36), E. 2515.C (+A), F. 2507.B (-A bp) G. 2180.A (-6 bp).
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H.

I.

Supplemental Figure 8. Alignment covering HAG3 PS3. Alignment of mutations generated in
HAG3 using CRISPR-Cas9 at PS3. Lines represented are H. 2367.A (heterozygous -24 bp), I.
2376.A (heterozygous -2 bp). Line 2369.B (-829 bp) is shown in Supplemental Figure 10.

61

Preliminary Germination Data
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Spring WT

Number of seeds

50
40

2507.B.13
hag1,3

30
20

2507.B.10
hag1,2,3

10
0
0

2

4

6

8

10
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Supplemental Figure 9. Graph showing preliminary germination data. Graph showing
preliminary data indicating delay or reduced germination in line 2507.B.13 which is (hag1-7,
hag3-8) mutant in the spring background.
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1
65
TaHAG3_CDS
ATGTCAAGAAAGCCATGTTGTGTGGGAGAAGGGCTGAAGAAAGGAGCATGGACCGCCGAAGAAGA
TaHAG3_2369.B_CDS ATGTCAAGAAAGCCATGTTGTGTGGGAGAAGGGCTGAAGAAAGGAGCATGGACCGCCGAAGAAGA
···················································································
66
130
TaHAG3_CDS
CAAGAAACTCATCTCTTACATCCATGAACATGGCGAAGGAGGCTGGCGTGACATTCCCCAAAAAG
TaHAG3_2369.B_CDS CAAGAAACTCATCTCTTACATCCATGAACATGGCGAAGGAGGCTGGCGTGACAT----------···················································································
131
PS3
195
TaHAG3_CDS
CTGGACTAAAACGATGTGGAAAAAGTTGTAGATTGCGATGGGCTAACTATTTGAAACCGGATATC
TaHAG3_2369.B_CDS ----------------------------------------------------------------···················································································
196
260
TaHAG3_CDS
AAGAGAGGAGAATTTAGCTACGAGGAGGAGCAGATTATCATCATGCTTCACGCTTCCCGTGGCAA
TaHAG3_2369.B_CDS ----------------------------------------------------------------···················································································
261
325
TaHAG3_CDS
CAAGTGGTCGGTCATAGCGAGACATTTGCCCAAAAGGACAGACAACGAGATCAAGAACTATTGGA
TaHAG3_2369.B_CDS ----------------------------------------------------------------···················································································
326
390
TaHAG3_CDS
ACACACACCTTAAAAAACGCCTTATCGATCAAGGTATTGATCCCGTGACCCACAAGCCACTTGCC
TaHAG3_2369.B_CDS ----------------------------------------------------------------···················································································
391
455
TaHAG3_CDS
CCTAGCCCTAGTCCGGCCACGCTCAAGCCTTCTGATTTCCAAGATGACTCATCAAACCTGGGAAA
TaHAG3_2369.B_CDS ----------------------------------------------------------------···················································································
456
520
TaHAG3_CDS
CTCGGATGAGCATTCACATTCGGGTTCTATGTCTCCAAAATCTCTTCCTCCGTCTTCAAGCTCCT
TaHAG3_2369.B_CDS ----------------------------------------------------TCTTCAAGCTCCT
···················································································
521
585
TaHAG3_CDS
GCAATCTAGCGGAGATAAGCAGCAGTGATGAGACACCGAAAAATGATGGTTCCTTGAAATCCAAG
TaHAG3_2369.B_CDS GCAATCTAGCGGAGATAAGCAGCAGTGATGAGACACCGAAAAATGATGGTTCCTTGAAATCCAAG
···················································································
586
PS4
650
TaHAG3_CDS
AAACGTTCTTTTAAGAGATCAAGTTCTACATCAAAGCTGTTAAACAAAGTTGCATCTAGGGCTGC
TaHAG3_2369.B_CDS AAACGTTCTTTTAAGAGATCAAGTTCTACATCAAAGCTGTTAAACAAAGTTGCATCTAGGGCTGC
···················································································
651
715
TaHAG3_CDS
TTCCATTGGAAATATCTTATCAGCGTCCATGGAAGGAACCTTGGTTAGCTCTACCGCACTGTCTC
TaHAG3_2369.B_CDS TTCCATTGGAAATATCTTATCAGCGTCCATGGAAGGAACCTTGGTTAGCTCTACCGCACTGTCTC
···················································································
716
780
TaHAG3_CDS
CATGTCTCAATGATGACTTTTCCGAAGCTAGCCAATTCCAGATGGACGAATATGATCCATTCCCT
TaHAG3_2369.B_CDS CATGTCTCAATGATGACTTTTCCGAAGCTAGCCAATTCCAGATGGACGAATATGATCCATTCCCT
···················································································
781
845
TaHAG3_CDS
CAGTCGTCTGAACACATAACTGATCATATGAAGGAGGACACCGGCATGATCTTTGATCTCAACAA
TaHAG3_2369.B_CDS CAGTCGTCTGAACACATAACTGATCATATGAAGGAGGACACCGGCATGATCTTTGATCTCAACAA
···················································································
846
910
TaHAG3_CDS
CTCCGAATATGATTTCTCGCAGTTTCTCGAGCAATTTAGTAACGAAGGCGAAGAAACCGAGAACA
TaHAG3_2369.B_CDS CTCCGAATATGATTTCTCGCAGTTTCTCGAGCAATTTAGTAACGAAGGCGAAGAAACCGAGAACA
···················································································
911
975
TaHAG3_CDS
TTGGGGGATATAATCAAGATCTCCTTTCGTCTGACGTCTCATCACCAAGCGTTGATGAAGACAAT
TaHAG3_2369.B_CDS TTGGGGGATATAATCAAGATCTCCTTTCGTCTGACGTCTCATCACCAAGCGTTGATGAAGACAAT
···················································································
976
1040
TaHAG3_CDS
ATGATGGGAAACATAACCGGTTCCGGTTGGTCCAGTTATCTTGTTGACCATTCCGATTTTGTTTA
TaHAG3_2369.B_CDS ATGATGGGAAACATAACCGGTTCCGGTTGGTCCAGTTATCTTGTTGACCATTCCGATTTTGTTTA
···················································································
1041
1080
TaHAG3_CDS
TGACAAGATCCAAGATAACGACGACAGGAACTTCATATGA
TaHAG3_2369.B_CDS TGACAAGATCCAAGATAACGACGACAGGAACTTCATATGA
··························································

Supplemental Figure 10. Nucleotide sequence alignment of TaHAG3 and 2369.B (-829bp). The
coding sequence of the mutant line 2369.B aligned to wild type with the protospacers used in
construct HAG3_PV1.
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1
64
TaHAG1_CDS
ATGTCAAGAAAGCCGTGTTGTGTCGGAGAAGGGCTGAAGAAAGGGGCATGGACCACCGAAGAAG
TaHAG1_(232)_CDS ATGTCAAGAAAGCCGTGTTGTGTCGGAGAAGGGCTGAAGAAAGGGGCATGGACCACCGAAGAAG
·················································································
65
RPS5
128
TaHAG1_CDS
ACAAGAAACTCATCTCTTACATCCACGAGCACGGTGAAGGAGGCTGGCGCGACATTCCCCAAAA
TaHAG1_(232)_CDS ACAAGAAACTCATCTCTTACATCCACG------------------------------------·················································································
129
192
TaHAG1_CDS
AGCTGGTTAATATCTCTATTAAAATCTATACATGTTCAATTAGTATTTCTTGTATGAAATTTTT
TaHAG1_(232)_CDS ---------------------------------------------------------------·················································································
193
256
TaHAG1_CDS
ATAATCAATATGGTGTTAACTAAATAGGGTTGAAACGGTGTGGAAAGAGTTGTAGGCTGCGATG
TaHAG1_(232)_CDS ---------------------------------------------------------------·················································································
257
320
TaHAG1_CDS
GACTAACTACCTAAAACCTGAGATCAAAAGAGGCGAGTTTAGTTCAGAGGAGGAACAGATTATC
TaHAG1_(232)_CDS ---------------------------------------------------------------·················································································
321
384
TaHAG1_CDS
ATTATGCTTCATGCTTCTCGTGGCAACAAGTACGTTTCTATGTTTAAATGTGTGTGTATATATG
TaHAG1_(232)_CDS ---ATGCTTCATGCTTCTCGTGGCAACAAGTACGTTTCTATGTTTAAATGTGTGTGTATATATG
·················································································
385
448
TaHAG1_CDS
TATCCTCGAATAAACAATGAAATGCATGAAAAGGTTTCATATATATTACTTTAATTAAAGATAC
TaHAG1_(232)_CDS TATCCTCGAATAAACAATGAAATGCATGAAAAGGTTTCATATATATTACTTTAATTAAAGATAC
·················································································
449
512
TaHAG1_CDS
AATTATTATTCTAATATCGTGTCTTCCATATTATATTTTAATCGCCTTTGATCTTTGAATCTCT
TaHAG1_(232)_CDS AATTATTATTCTAATATCGTGTCTTCCATATTATATTTTAATCGCCTTTGATCTTTGAATCTCT
·················································································
513
576
TaHAG1_CDS
CTTCTTATCGTTAGGTGGTCGGTCATAGCGAGACATTTACCTAGAAGAACAGACAACGAGATCA
TaHAG1_(232)_CDS CTTCTTATCGTTAGGTGGTCGGTCATAGCGAGACATTTACCTAGAAGAACAGACAACGAGATCA
·················································································
577
640
TaHAG1_CDS
AGAACTACTGGAACACGCATCTCAAAAAACGTTTGATCGAACAGGGTGTTGATCCCGTGACTCA
TaHAG1_(232)_CDS AGAACTACTGGAACACGCATCTCAAAAAACGTTTGATCGAACAGGGTGTTGATCCCGTGACTCA
·················································································
641
704
TaHAG1_CDS
CAAGCCTCTAGCTTCCAACTCCGGCCCTACTGCCACCACGCCGCCTGAGAATTTGCATTTCCTA
TaHAG1_(232)_CDS CAAGCCTCTAGCTTCCAACTCCGGCCCTACTGCCACCACGCCGCCTGAGAATTTGCATTTCCTA
·················································································
705
768
TaHAG1_CDS
GATGAATCTAGCTCAGACAAGCAATACTCTCGGTCGAGCTCAATGCCTTCCCTGTCTCGTCTTC
TaHAG1_(232)_CDS GATGAATCTAGCTCAGACAAGCAATACTCTCGGTCGAGCTCAATGCCTTCCCTGTCTCGTCTTC
················································································
769
832
TaHAG1_CDS
CTTCCTCCGGATTCAACACGGTTTCCGAGATAGCCAGCAATGTTGGGACACCAGTTCAGGTCGG
TaHAG1_(232)_CDS CTTCCTCCGGATTCAACACGGTTTCCGAGATAGCCAGCAATGTTGGGACACCAGTTCAGGTCGG
·················································································
833
896
TaHAG1_CDS
TTCCTTGAGTTGCAAGAAACGTTTTAAGAAATCGAGTTCGACATCAAGGCTTCTGAACAAATTT
TaHAG1_(232)_CDS TTCCTTGAGTTGCAAGAAACGTTTTAAGAAATCGAGTTCGACATCAAGGCTTCTGAACAAATTT
·················································································
897
960
TaHAG1_CDS
GCGGCTAAGGCCACTTCCATCAAAGATATATTGTCGGCTTCCATGGAAGGTAGCTCGAGTGCTG
TaHAG1_(232)_CDS GCGGCTAAGGCCACTTCCATCAAAGATATATTGTCGGCTTCCATGGAAGGTAGCTCGAGTGCTG
·················································································
961
1024
TaHAG1_CDS
CTACTACAATATCACATGCAAGCTTTTTAAATGGCTTTTCTGAGCAGAGTCGCAATGAAGAGGA
TaHAG1_(232)_CDS CTACTACAATATCACATGCAAGCTTTTTAAATGGCTTTTCTGAGCAGAGTCGCAATGAAGAGGA
·················································································
1025
1088
TaHAG1_CDS
TAGTTCTAACGCATCCCTGACAAATACTCTAGCCGAATTTGA
TaHAG1_(232)_CDS TAGTTCTAACGCATCCCTGACAAATACTCTAGCCGAATTTGA
·················································································

Supplemental Figure 11. Nucleotide sequence alignment of TaHAG1 and 2507.B.10 (-232bp).
The coding sequence of the mutant line 2507.B.10 aligned to wild type with the protospacer
used.
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